Existing models of chemical mechanical polishing ͑CMP͒ focus on the impact of pressure, velocity, slurry, and pad parameters on material removal rate. To complement these models, we present a model and experimental data for thermal effects in CMP. The energy source and thermal loss mechanisms are calculated and an energy balance formulation is used to predict the energy exchanged between the pad and slurry flowing over it. Experiments are shown to be consistent with this prediction, suggesting that the most significant elements are accounted for. We also describe the dynamic aspect of the process whereby heat is accumulated in the pad during polish and lost to the slurry flowing over the pad while it rotates around before entering under the head again. Characterization of chemical mechanical polishing ͑CMP͒ removal rate and rate uniformity have traditionally focused on the use of Preston's equation to model the mechanics of the polishing process, in which removal rate R is proportional to the product of pressure P r and relative velocity v with proportionality given by Preston's coefficient k p , or R ϭ k p P r v. Depending on the hardness of the polishing film ͑e.g., oxide, copper, tungsten͒ and barrier film ͑e.g., nitride, TaN, TiN͒, and the chemistry of the slurry, the temperature may vary significantly during polish.
Characterization of chemical mechanical polishing ͑CMP͒ removal rate and rate uniformity have traditionally focused on the use of Preston's equation to model the mechanics of the polishing process, in which removal rate R is proportional to the product of pressure P r and relative velocity v with proportionality given by Preston's coefficient k p , or R ϭ k p P r v. Depending on the hardness of the polishing film ͑e.g., oxide, copper, tungsten͒ and barrier film ͑e.g., nitride, TaN, TiN͒, and the chemistry of the slurry, the temperature may vary significantly during polish.
A factor not normally considered in Prestonian CMP models is the impact of changes in temperature on material removal. An experiment performed by Chiou et al. examined the chemical removal rates of copper at different temperatures and for different slurries and found that changes of 20°C can result in an order of magnitude increase in removal rates. 1 More recent studies of copper polishes have also observed similarities between the transient increase in temperature due to polish and the increase in removal rate. 2 Other work has observed common patterns between the spatial variation in removal rates for oxide and copper polishes and variation in temperature across the polishing pad. 3 Models for the evolution of topography at the chip and feature scale, including dishing and erosion, all require an equivalent blanket material removal rate parameter. 4, 5 Thus an understanding of thermal behavior during polish has become increasingly important for better characterization of CMP at the wafer and chip scale.
When used to image the CMP process, thermal sensors detect changes in temperature due to mechanical friction and chemical reactions that participate in the removal of material. Depending on the hardness of the wafer surface material and the chemistry of the slurry, the temperature may increase or decrease once the surface film clears. Recent papers have explored the use of infrared sensors to characterize the impact of thermal effects on pad life, polishing rate, and endpoint nonuniformity. [6] [7] [8] [9] Rather than contact the back side of the wafer directly, most approaches measure the temperature at the pad/wafer interface indirectly using either an infrared ͑IR͒ pyrometer to measure a single spot on the pad or an IR camera to measure spatial temperature changes across the pad as it leaves contact with the wafer. 10 ,11 IR camera-based thermography provides substantially more information than a single-point IR sensor and, as illustrated here, can capture the dynamics associated with thermal events spatially throughout the process.
In the preliminary analysis section, the heat source and loss mechanisms that exist during CMP are identified and an energy balance is formulated. Experimental results based on IR camera images taken throughout a polish are then presented; these suggest that the primary source and loss of thermal energy are accounted for and balanced. However, these same experiments indicate that thermal behavior related to slurry flow around the carrier and across the pad is a complex and dynamic process. To gain greater insight into this behavior, the thermal dynamics associated with energy introduced and extracted from the process are examined later. Based on this analysis, an integrated large-signal and small-signal dynamic model is proposed and implemented using an equivalent lumped element circuit representation. Finally, model predictions of temperature transients are compared with measured temperatures for the same process conditions and are found consistent.
Analysis of Energy Flow during Polish
The CMP process uses mechanical and chemical energy to remove material in a planar manner. The hypothesis evaluated here is that the heat generated during polish is primarily transferred into the polishing pad where it resides before being transferred to the slurry, environment, and the table underneath, as shown in Fig. 1 . The energy transferred into the pad is due to mechanical abrasion of the pad and slurry particles on the wafer surface, and the chemical energy associated with the slurry chemistry and enthalpy. In those cases where surface chemical interactions are minimized ͑e.g., with chemically neutral slurries͒, the major chemical energy source is enthalpy; some chemical interactions can still take place in slurries with a pH of 7, as evident in Pourbaix diagrams showing the formation and dissolution at various pH levels. Most heat is transferred into the pad and removed by convection via slurry flow, conduction into the table underneath, and radiation to the environment.
As with most thermal systems, there exist heat loss mechanisms that may be neglected in a study of first-order effects. In the CMP system considered here, there is a rubber and plastic bladder between the wafer and the steel polishing head; the bladder system acts as a thermal insulator and we assume that little heat is conducted through the polishing head. As such, we neglect this loss in our calculations and concentrate on the heat loss mechanisms associated with the polishing pad. The polyurethane polishing pad also acts as a thermal insulator and any conduction to the granite table under the pad also is neglected in the following first-order analysis.
Material removal through polishing occurs through the application of mechanical and chemical work while the pad is in contact with the wafer. The thermal energy flow due to mechanical and chemical work is examined as well as the thermal energy flow from the polish through convection, conduction, and radiation. Copper polish experiments are used to verify the energy balance.
The first set of flows we consider are energy flows input into polishing by mechanical and chemical work imparted on the wafer through forced contact with a polyurethane pad and slurry.
Mechanical energy input.-Mechanical energy is used by the CMP tool and accomplishes polishing by the deformation of bonds through frictional force between the rotating pad and wafer. The power into the pad can be described as P mech ϭ Fv ϭ (c f P r A)v where A is the wafer area and c f is the coefficient of friction. For 8 in. copper wafers and our experimental parameters, we find v ϭ 2r time ϭ 2͑0.50͒ft 1 s ϭ 3.14 ft/s ͓1͔
The velocity is expressed in terms of the relative linear velocity between the pad and wafer and the force component is the frictional force. To simplify the model, only matched velocities ͑where table and carrier speed are matched in rotational velocities͒ are considered, so that relative velocity is constant across the wafer. For a matched process we use the offset between pad center and wafer center (r p ) and pad rotational velocity (w p ) to find the linear velocity (v p ) of the pad at the wafer center, as v p ϭ w p r p . The wafer center has zero rotational velocity; thus the relative velocity across the entire wafer is simply the linear velocity at the wafer center (r p ). The rotational velocity of the pad is 1 rpm and the pad positioned at the wafer center travels in an orbit of radius 0.50 ft from the center of the pad. The resulting relative linear velocity is 3.14 ft/s. For the 8 in. copper process, coefficients of friction have been measured with a range of 0.18-0.25 for copper. The higher coefficient of friction of 0.25 yields 320.95 W and the lower coefficient of friction 0.18 yields 231.11 W as estimates of power input P mech to CMP.
By calculating the rates of chemical energy ͑or chemical power͒ generated during the transformation from copper to hydrolyzed copper, the total power and energy input into the process can be estimated.
Chemical energy input.-During the formation of hydrolyzed copper, chemical energy due to enthalpy is released. For the copper experiments, a neutral slurry is used and we neglect any thermalchemical surface interaction. The enthalpy in forming hydrolyzed copper from the electroplated copper on the surface of the wafer is 64.90 kJ/mol. 12 The rate of chemical energy P chem produced through enthalpy ⌬E can be calculated as P chem ͑J/s or W) ϭ ⌬E(V/t) where V is the volume of the copper removed in moles during a polish of time t. The volume removed is the thickness of the ͑1 m͒ copper layer multiplied by the area of the 8 in. wafer, or V ϭ 3.24 ϫ 10 Ϫ2 cm 3 . Converting the volume to mass m in moles, the density of copper D ϭ (8.86 g/cm 3 ) is used to find m ϭ 0.28 g. Finally the atomic mass for copper of 63.54 g/mol is used to find the mass in moles of m ϭ 4.37 ϫ 10 Ϫ3 mol. This is the mass of copper removed during a copper polish for 320 s, the approximate time until a full clear of the wafer.
Plugging in these values along with the enthalpy for hydrolyzed copper yields an estimate of the rate of chemical energy generation due to enthalpy as P chem ϭ 0.89 W. These calculations indicate that the mechanical energy is the dominant source of heat transferred to the pad during CMP.
During the CMP process, most of the mechanical and chemical energy is transformed into thermal energy in the pad and slurry where it can be observed as a change in temperature. The heat is then transferred via radiation, conduction to the granite table underneath, and convection due to the flow of slurry over the pad surface. The heat loss mechanisms are examined here and compared to the magnitude of total energy into the system.
Thermal loss due to conduction through the pad.-The platen consists of a polishing pad adhered to a granite table that rotates. The rate of heat flow between the pad and table transferred via conduction is expressed as
where k is the thermal conductivity, A is the area of the pad, T is the temperature of the pad and table, and L is the thickness of the pad. A polyurethane pad acts as a good insulator and, as such, the area for conduction is computed as the area of pad which experiences contact with the wafer during each rotation. This area of contact forms a ring from approximately 2 in. in radius to 10 in. in radius for the experiments. In our experiments, the wafers do not oscillate and thus the full ring section of the pad is being heated once every revolution. The areas heated directly during polish are thus computed to be 0.19 m 2 in our experiments. Using the thermal conductivity for polyurethane and the thickness of the pad, the rate of heat flow through the pad into the table is calculated to be
Thermal loss due to slurry flowing over the table.-Thermal energy is transferred from the pad to the slurry flowing over it. The slurry used in these experiments is a chemically neutral Klebosol 1498-50, with a mix of roughly 5% Al 2 O 3 and 95% water. The rate of thermal energy flow due to slurry transport is q
, where m f is the mass flow rate, c p is the heat capacity, and ⌬T is the difference in temperature of the slurry flow in and out. The mass flow rate is calculated as the volumetric flow rate V f multiplied by the specific gravity , or m f ϭ V f .
For copper, the mass flow rate is expressed as
using the volumetric flow for our experiments and slurry specific gravity. As copper is polished, removed particles become suspended in the slurry and are transported away across the pad. Although the specific gravity of copper ͑8.96 g/mL͒ is considerably larger than that of pure slurry, the concentration of copper in slurry is expected to be relatively low ͑e.g., Maag measured these as 1.8 ppm or 1.8 ϫ 10 Ϫ6 g/mL for a typical process 13 ͒. As such, the specific gravity and mass flow for the pure slurry are used here. The heat capacity for the slurries is not available but an estimate can be calculated by examining the constituents. The copper slurry consists of 5% Al 2 O 3 and 95% water as mixed. Using the c p for Al 2 O 3 and water, the c p can be estimated as
Finally the rate of heat flow transported away from the pad by the slurry is expressed as
where T indicates the temperature of slurry flow out and in. The product of mass flow and heat capacity provides a calculation of thermal conductance that is used in the formation of a dynamic thermal model. The thermal conductance is the expected heat flow in watts for every degree change in Celsius or kelvin; using the mass flow m f , this conductance is expressed as
͓9͔
For every degree increase in the temperature from the incoming slurry to outgoing slurry, the rate of heat flow for copper is 17.40 W. Given measurements of slurry temperatures flowing into and out of the process, a more accurate estimate of mass flow can be determined.
Energy balance.-As stated in the Introduction, our hypothesis is that the energy put into the process is primarily stored in the pad and slurries, and thus can be measured with the IR camera. The following energy balance formulation allows us to test this hypothesis. Given the calculations above for energy flow rates into and out of the pad, the following balance is evaluated. For copper CMP, lower and upper bounds on energy flow rates or power into the pad can be estimated using P in ϭ P mech ϩ P chem with maximum and minimum mechanical and chemical contributions based on the earlier calculations. The upper bound on input power P in is 321.9 W and the lower bound is 232.0 W.
The equation for energy flow rate or power out of the pad is estimated as
Equating P in to P out ͑that is, assuming we observe P in and P out over the same integral of time and thus equate energy in and out͒, we see that the energy or power balance formulation can be used to predict ⌬T slurry, temperature increase in the slurry flowing into and out of the processes. The predicted temperature increases for these process conditions are 10.97°C using the lower coefficient of friction value and 16.07°C for the higher coefficient of friction value.
Thermal Behavior of Slurry Flow during Polish
To test the predictions described previously and gain greater insight into the relative coefficient of friction for this tool, an 8 in. copper CMP process is instrumented to compute the increase in slurry temperature. Experiments are conducted to measure the temperature of incoming and outgoing slurry flow during the polish of copper wafers. Slow motion analysis of the IR video finds ripples or currents of slurry moving around the head and across the table. Before this analysis, it was not clear whether the IR camera captures the pad temperatures ͑through the slurry͒, captures only the temperature of the slurry film, or whether the camera captures an average temperature of both slurry and pad. The images in Fig. 2 provide some insight into this issue.
Consider frames 1 and 2 at the top of Fig. 2 which are acquired 0.22 s apart. Notice the ripple or blob of slurry indicated by the white box in frame 1 that flows around the head toward the bottom of frame 2. In frame 1, the average temperature of all the pixels in the box is 31.5°C and in frame 2, the average temperature in the box is 37.9°C. Given the substantial thermal mass of the pad and table, the sudden change in temperature of 6.4°C within 0.22 s could not occur in the pad and must be due to the slurry. It is also highly likely that the slow increase and decrease in the overall pad temperature, on a time scale of tens of seconds, is primarily due to a change in thermal energy inside the pad. There is also a continuity of temperature whether increasing or decreasing along the radius of the pad. A sequence of IR frames from a copper polish. The top two panels are 0.22 s apart and indicate that the temperature at a fixed reference point can change quickly as a ripple of slurry moves through the frame. The conclusion is that noise-like variation observed in the IR images at a time scale within a second is due to slurry ripples moving through the image.
A notable characteristic is the significant variance in temperatures near the head due to the slurry ripples occurring on a time scale of milliseconds. Some of the ripple effects can be observed at positions 6 and 7; however, the difference in variance over the period of 120 to 140 s is 0.908 for position 5 vs. a variance of 0.198 for position 6. When no slurry ripples are present at these positions, their temperatures are roughly equal indicating that the temperature of the underlying pad is being measured. In contrast, the variance in temperature measured at position 9 is 0.0364 where the flow of the slurry off the pad is laminar. The slurry cools as it travels from under the wafer and near the head toward the edge of the pad by about 4°C.
For the copper polish experiments the measured change in temperature from beginning to end of polish was 9.1°C. When compared with the predicted change of temperature of 10.9°C using the energy balance formulation, we conjecture that slightly more energy is conducted through the head or table than hypothesized, or that additional heat is stored in the wafer that has been neglected. However, generally these experimental results support the energy balance formulation and subsequently our hypothesis that most of the thermal energy generated in the process is conducted through the pad and slurry. Again, this is important in that while the mechanical and chemical mechanisms responsible for polishing cannot be readily observed in real-time, the flow of heat through the pad and slurry can be observed.
Dynamic Thermal Model of Heat Transfer in CMP
From the analysis of heat generation and loss mechanisms in the prior section, a thermal model of the dynamic system can be developed. A conceptual model of all the heat flow mechanisms examined in prior sections begins with the polishing process, which occurs via mechanical and chemical energy creating heat. The heat flows primarily into the pad and the slurry at a rate proportional to the thermal conductivity of the pad and slurry. The thermal energy is stored in the pad, raising the temperature of both the pad and slurry. The slurry flowing over the pad removes the heat at a rate proportional to the product of the mass flow rate of the slurry and the specific heat. Convection due to air flowing over the slurry as the pad rotates at 1 rpm is considered to be a minor effect and is neglected. This conceptual model motivates a lumped element representation or model to simulate the dynamic behavior observed using the IR camera. The resulting thermal model is described for copper CMP.
There are analogous concepts between electrical and thermal dynamic systems that allow for simple dynamic models to be developed and simulated. A review of the dual concepts between the two systems may be helpful. The rate of heat flow q f expressed in joules per second or watts is analogous to electrical current expressed in coulombs per second or amperes. The temperature in degrees Celsius or kelvin is similar to the electrical potential energy or voltage expressed in volts. The thermal energy stored in a material or fluid is modeled as a thermal capacitance, C t , and has units of joules per kelvin, while electrical energy is stored in capacitors with units of coulombs per volt. Perhaps the strongest analog is resistance where thermal resistance is defined as the opposition to the heat flow and has units of kelvin or degrees Celsius per 1 W. The analog to thermal resistance is electrical resistance defined as the opposition to current and expressed in ohms.
The lumped element representation for the CMP thermal model is shown in Fig. 4 . The rate of heat flow rate q f generated during polish is calculated as the sum of heat flow rates due to mechanical and chemical work and is modeled as a thermal power source. The heat energy flows from the wafer to pad interface and into the pad, which is modeled as a thermal capacitance, C t . The thermal resistance R 1 associated with the pad and slurry interface acts as a barrier to the conduction of heat into and out of the pad and, as such, impacts the speed at which the thermal capacitance charges and discharges. Thus, in a lumped circuit representation R 1 should be placed in parallel to the thermal capacitance during the heating cycle when energy flows into the pad. The Thevenin equivalent could be used by multiplying the known heat flow rate q f by the calculated R 1 to compute a temperature source or reservoir; however, both circuit representations yield the same results. It is hard to separate the pad and slurry contributions to resistance since the pad absorbs some of the slurry as well as supporting a slurry layer 40 to 90 m thick between the wafer and pad. This issue is addressed in the numerical calculations for R 1 .
The flow rate of the slurry is fixed during a run; however, the rate of heat transferred out of the pad through the pad and slurry interface and into the slurry flow varies with the increase in pad temperature. Thus the heat loss mechanism can be modeled as a temperature-dependent heat flow current source or simply as a lumped thermal resistance, R 1 ϩ R s . The reference temperature, T room , is shown as room temperature. However, it is common for pads to continually heat with repeated polishing, and T room can be adjusted to accommodate the temperature of the pad at the start of the polish.
The large-signal dynamics of this model are dictated by a balance between the charge and discharge of energy in the thermal capacitance.
Determining thermal resistance and capacitance.-Because the focus of this section is to develop a model of heat transfer into and out of the pad, analysis begins with the representation of observed thermal behavior in the pad and then determines the energy flow mechanisms around that representation. In many cases, the model parameters are not known and, as such, a range or upper and lower bounds are used to describe a series of model candidates. Experimental results are then combined with physical and chemical knowledge of the process to derive the best dynamic model among the candidates.
The pad is considered as a thermal energy storage element or thermal capacitance where the flow of heat in watts into the pad is governed by the flow equation
where dT p /dt is the change in measured temperature over observation time dt and the thermal capacitance C t is the mass flow multiplied by the pad and slurry heat capacity, C p . The rate of thermal energy transport carried away in the slurry can be modeled using a temperature dependent heat sink in the q slurry formulation. As expressed previously, the rate of heat transport is partially due to the flow rate of the slurry that is independent of the thermal model, and partially due to the temperature of the pad relative to the room. One could consider the measured pad temperature as proportional to the potential energy stored in the thermal capacitor element. As such, the rate of heat transport due to slurry flow, q slurry , is modeled as an equivalent resistance, R s , that scales the heat current flow rate proportional to the pad temperature. R s and R 1 are treated as lumped resistances that dictate how fast the thermal energy in the pad can be transported away by the slurry.
R s is expressed as
where the mass flow rate and specific heat are taken directly from the q slurry calculations. The total heat flow rate equation is
where the thermal capacitance C t is computed as the product of the mass flow rate and specific heat of the pad and slurry. The temperature can be solved to find the pad temperature as a function of time
The resistive element that dictates how fast the pad heats is inversely proportional to the conductivity of the pad and slurry present during polish. For the 8 in. wafer experiments, R 1 is calculated as
where the effective heating length, L, is taken to be the groove depth of the pad and the thermal conductivity is estimated from the combination of pad and slurry at the wafer and pad interface
The potential for error is substantial in the calculation of R 1 , due to the complex interactions between the pad and wafer during heating. The interaction between the slurry and pad under the wafer is still an area of much research; determining the thermal resistance to heating the pad requires knowledge of the heating length, L, and the thermal conductivity, C h . 14 As shown in Fig. 2 , the thermal flow across the pad outside the wafer can resemble currents in a stream. Given that it is highly unlikely that the thermal mass of the pad can change several degrees within a fraction of a second, a case could be made that much of the heating occurs in the porous portion of the pad ͑at very top͒ and in a small layer of slurry reported to be 40 to 60 m thick at these force and platen speeds. 15 As such, the heating length of the pad and slurry that contribute to thermal resistance, the area of heat concentration, and the combination of constituents that make up thermal conductivity all introduce variability into the calculation of R 1 . A lower bound for R 1 is calculated for 50% of the pad ͑500 m͒ and a 50 m layer of slurry as well as the 90% pad to 10% slurry ratio in computing thermal conductivity. The result is
The thermal capacitance is
where m is the mass of the pad area heated during polishing. The total mass of the pad is 340 g and 42% of the pad contacts the wafer directly during polishing. There are several studies that are examining how much of the pad participates in the polish and this also impacts how much of the pad accepts or stores thermal energy. [14] [15] [16] As stated in the formulation for R 1 , a case could be made that all polish and heating occurs in the top section of the pad which is roughly 200-500 m thick, or roughly 20-50% of the total thickness and volumetric mass, which implies that the thermal capacitance may be closer to 20-50% of the value calculated above. Because polyurethane acts as a thermal insulator, the pad is likely to conduct heat more easily into the slurry layer above it than through the polyurethane below, strengthening the case that C t may be 20-50% of that previously calculated, or 80.5 J/K rather than 161.36 J/K. To maintain consistency in the calculation, the higher bound time constants for R 1 and C t that use the full pad thickness and mass, and the lower bound time constants use 50% of the pad thickness and mass.
Using the lower and upper bound estimates for R 1 relative to the heating length, the time constants for the increase in temperature due to polish are computed from the model parameters
for the lower bound, and
for the upper bound. The series resistances R 1 and R s are associated with the discharge of thermal energy through both pad and slurry flow, and the potential difference between the pad and room temperature. As such, R 1 and R s are used to calculate the time constants associated with the transfer of energy via slurry flow. The lower bound is estimated to be
and an upper bound is
Throughout the copper experiments, the time constant of the initial transient is closer to the lower bound time constants, charge , of 19.32 s than the upper bound time constant of 64.50 s. The lower bound R 1 and C t values are likely more accurate and, as such, are used in all subsequent calculations and simulations. The energy balance formulation has also indicated that the actual coefficients of friction values for the 8 in. copper experiments are closer to the lower bound and, as such, the input power of 231 W is used for the subsequent calculations and simulations.
Examination of small-signal dynamics associated with thermal models.-In most of the prior IR thermography-based measurements of CMP, pad temperatures were recorded and examined at a fixed reference point close behind the carrier to provide as high a signalto-noise representation of wafer and pad interaction as possible. However, there are more complex thermal behaviors not captured by limiting analysis to a fixed reference point. Each point on the pad that heats on contact with the wafer during polish also cools when it travels around the table under the flow of slurry.
A thermal cycle for a particular point on the pad during one revolution is shown in Fig. 5 . Each point on the pad travels in an orbit either in contact with the wafer or under the flow of slurry and air. When the point is in contact with the wafer, the mechanics of polishing transfer heat into the pad. When the pad leaves the wafer and travels under the flow of slurry and air, fluid mechanics associated with convection transfer heat out and cool the pad. The top panel shows a top-down view of a specific point on the pad as it travels in a fixed radius under the carrier/wafer during polish and then around the pad under the free flow of slurry and air. The middle panel shows the pad acquiring heat during polish while in contact with the wafer and retaining ring and then cooling under the flow of slurry and air.
The bottom panel shows the pressure profile putting energy into the system, through source q f , during the heating/polishing phase of the cycle. From a circuit perspective, the thermal energy put into the system proportional to the pressure can be modeled as a pulse train which periodically supplies energy into the system. The width of this pulse varies with the amount of time the pad is in contact with the wafer. Figure 6 shows how contact distance cd varies with regard to pad radius. The arcs display the contact path and distances that the pad radii trace with regard to wafer position. Seven pad radii are shown where wafer position 100 mm is approximately at the pad center while the wafer position, Ϫ100 mm, is roughly 200 mm from the pad center ͑specific to the MIT 8 in. tool͒. The pulse width as a function of pad radius t(r) can be expressed as 
͓23͔
The contact times associated with an 8 in. wafer running on a 300 mm radius pad are shown in Fig. 7 . If the individual time constants associated with heating and cooling are much smaller than the time the wafer spends in contact with the pad or cooling in rotation around the pad, then the temperature would reach its maximum value in the first cycle and fully cool to room temperature before the next cycle. Given that the transient rises in pad temperatures have much longer time constants as calculated previously, one may expect the pad to accumulate more thermal energy initially than it loses, thus explaining the transient increase in temperature from the beginning of each polish. According to the thermal model described previously, the rate of flow of heat energy due to slurry flow, q slurry , increases as the temperature of the pad increases. The thermal model predicts that the pad temperature reaches steady state when the flow rate of energy input due to contact between pad and wafer is equal to the flow rate of energy transported away by the slurry.
Simulations and Experimental Comparisons
The lumped element circuit representation, presented earlier in Fig. 4 , has been implemented to examine the dynamic response of pad temperature to the periodic pulse of thermal energy that goes into the pad during each revolution. Simulations are performed using Hspice circuit simulation software.
When a point on the pad leaves contact with the wafer and travels around the table under the cooling effect of convection in slurry and air, it is equivalent to the current source supplying no current to the circuit. This cooling effect is modeled as the thermal capacitance discharging heat flow into the thermal resistance presented by the slurry to pad interface, R 1 and the slurry flow across the pad, R s . To separate the heating and cooling mechanisms, a switch has been added to the equivalent circuit where the resistance R 1 is used during heating of the pad or charging of the thermal capacitance ͑switch in position A͒ and R 1 and R s are used during the cooling of the pad or discharging of the heat energy stored in the thermal capacitance ͑switch in position B͒. The relationship between the switch and the periodic flow of the current source is also described in Fig. 6 where the periodic pulse of power is shown in the right panel.
To test the model, the experimental parameters R 1 , R s , and C t ͑shown in Fig. 6͒ are used. The results of this simulation are shown in Fig. 8 and 9 .
A close-up view of the pulse-train behavior of the incoming heat from polishing is shown in Fig. 8 . The bottom panel of Fig. 8 shows the sawtooth nature of the pad temperature in response to heating during contact with the wafer to cooling while rotating under the flow of slurry and air during one revolution. The same simulation of pad temperature is shown in the top panel of Fig. 9 , but over a longer time scale so that the relative time constant can be viewed. The bottom panel of Fig. 9 plots the experimentally measured temperature during the run along with a step response using the same time constant dictated by the thermal model parameters R 1 , R s , and C t .
Conclusion
Recent results suggest that temperature, a factor not commonly used in Prestonian CMP models, has a significant impact on removal rate. As such, thermal models may be necessary for accurate characterization and modeling of CMP, including wafer and chip level removal effects.
The underlying thermal behavior in CMP can be considered a dynamic system. To develop a framework for characterizing the thermal energy transferred into and out of the process, we begin with the hypothesis that the majority of heat generated during CMP is transferred from the process through the polishing pad and slurry flow. The energy flow mechanisms into and out of the process are formulated using first-order models and an energy or power balance is determined and used to predict the increase in slurry temperatures during polish. Experiments are conducted to examine slurry flow and calculate the heat transfer due to slurry flow. These experiments indicate that the power input by mechanical and chemical work is roughly equivalent to the rate of heat energy flowing out of the process via the slurry and pad.
The energy flow mechanisms are combined with CMP model parameters to develop a dynamic thermal model. A lumped element thermal model is implemented to examine the large and small signal response using fundamental system identification techniques. Finally the simulation results are compared with experimental results, showing good matching for transient and steady-state heat transfer via the pad and slurry.
One promising direction for future work is to expand Chiou's study of the relationship between temperature and removal rate for various commercial slurries, 1 as well as those used in Park's work. 2 This relationship may be used to acquire an even better understanding of thermal effects and fine-tune the dynamic model presented here. Another promising direction is to explore a combination of Park's work with the model presented here to develop a unified approach to removal rate prediction.
